MS -Murashige and Skoog medium; B5 -Gamborg's medium; SH -Schenk and Hildebrandt medium; PCR -polymerase chain reaction; MP -micropropagated plants; RP -regenerated plants from callus culture.
Introduction
Arnica montana L. (Asteraceae) is an herbaceous plant widely used in pharmacy, homeopathy and cosmetics in Europe and North America. The species is an important source of valuable biologically active substances, mainly sesqiuterpene lactones, flavonoids and essential oils etc. A. montana has a long history of use as a medicine for hematomas, contusions, sprains, rheumatic disease, and superficial inflammations of the skin [1] . The plant and its various parts (flowers, flower heads, roots and rhizomes) are listed in pharmacopeias of many countries [2] . The roots contain essential oil, phenolic acids (chlorogenic acid and caffeic acid), oligosaccharides, lignans, etc. The species is included in the IUCN Red List of Threatened Species due to loss of habitats and overharvesting of natural populations [3] . An estimation of 50 000 kg of dried flowers and hundreds of kilos of dried roots are used annually in Europe [4] . The loss of natural populations requires the development of different genetic manipulation techniques for improving the yields of important phytochemicals. The advantage of producing hairy roots is in their high genetic and biochemical stability, fast growth rates, large-scale secondary metabolite production [5] [6] [7] and possibility for expression of recombinant proteins, regeneration of a whole plant and functional analysis of genes [8] [9] [10] . While there is prolific data published on induction of hairy roots in medicinal plants through gene transfer of Agrobacterium rhizogenes, the data of A. montana is quite limited. Weremczuk-Jezyna et al. [11, 12] reported the formation of hairy roots in A. montana with low frequency after transformation with A. rhizogenes strain LBA 9402. The authors mainly discussed its growth and the essential oil constituents. The lack of efficient methods for transformation of A. montana limited the genetically engineered improvement of this valuable species. The aim of the present study is to develop a protocol for Agrobacterium mediated transformation of A. montana, in order to select fast growing roots which could be used as a source for secondary metabolites production.
Experimental Procedures

Establishment of hairy root cultures
Plant material
Culture conditions of in vitro cultivated A. montana plants used for micropropagation
Shoot cultures were initiated from nodal segments of in vitro obtained seedlings of German origin. The explants were micropropagated using MS nutrient medium [13] supplemented with 1 mg/l N 6 -benzyladenine (BA) and 0.1 mg/l indole-3-acetic acid (IAA). After the propagation stage the shoots were in vitro rooted on half strength MS medium containing 0.5 mg/l indole-3-butyric acid (IBA). For genetic transformation young leaves of four-week-old morphologically identical plants (2 cm) were used.
Callus induction and regeneration of plants from callus
Callus culture was initiated from leaf explants of in vitro obtained plants on MS nutrient medium supplemented with 0.1 mg/l 2,4-dichlorophenoxyacetic acid (2,4-D). Then the calli were transferred into fresh medium containing 0.1 mg/l 2,4-D and 0.5 mg/l BA for further proliferation. Plant regeneration was achieved on MS medium, where BA was increased to 1.0 mg/l in the same combinations with 0.1 mg/l 2,4-D. The plants were then in vitro micropropagated and rooted under the above mentioned conditions.
Bacterial strain
A wild type Agrobacterium rhizogenes ATCC 15834 high virulent, unmodified strain kindly provided by the AgroBioInstitute, Bulgarian Agricultural Academy was used for the plant transformation.
Bacterial culture medium and culture conditions
The bacterium was cultivated in liquid or agar solidified YEB medium containing 5 g/l Bacto-beef extract, 1 g/l Bacto-yeast extract, 5 g/l peptone, 5 g/l, sucrose, 1.5% 0.5 M MgSO 4 [14] . The bacterial suspension was obtained after inoculation of a single colony in 100 ml conical flasks containing 8 ml YEB liquid medium. The flasks were placed in a shaker (Model SK-600, JEIO TECH) at 220 rpm for 24 h at 28°C. The optical density of the bacterial suspension was measured at 600 nm (OD 600 ) using a spectrophotometer. The effect of nine different bacterial densities (OD 600 =0.3, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.3, 1.5) on root transformation were evaluated.
Infection of leaf explants, co-cultivation and induction of hairy roots
Young leaves were excised from in vitro grown plants and were wounded in the leaf vein with a sterile scalpel. For infection of plant leaf tissue, both bacterial cultures developed on solid medium and in liquid medium were used. Infection of plant material was accomplished by two methods: 1) Smearing of the explants with a bacterial culture (SBC) and 2) IImmersion in overnight bacterial suspension (IBS) for 5, 15, 20 or 40 min. All infected leaves were transferred onto MS solid medium without hormones. The co-cultivation continued from 2 to 12 days at 25±0.2°C. In the first three days cocultivation was carried out in the dark and then the explants were placed in diffused light (20 μmol m -2 s -1 ). The uninfected leaves used as control were cultured in the same conditions. After co-culture time the explants were washed three times with sterile distilled water and blotted dry on sterile filter paper. The infected and the uninfected leaves were transferred to Petri dishes on hormone-free MS medium, containing 200, 300 or 400 mg/l cefotaxime to remove the bacteria. To optimize the conditions for gene transfer the influence of the following factors were studied: the density of bacterial suspensions, duration of inoculation and cocultivation. The transformation frequency (expressed as the percentage of inoculated explants producing roots) were recorded after a 6-week period.
Growth and development of hairy roots
The fast-growing, frequently-branching and bacteria-free roots were cultivated on different nutrient media MS [13] , B5 [15] and SH [16] containing sucrose (3%) and agar (0.6%) to determine the optimal medium for their growth and development. The roots excised from in vitro plants were used as control -non-transformed roots (NT). The growth characteristics of hairy roots (four transformed clones (Т1, T2, T3 and T4) were studied. Hairy root clones T1 and T2 were derived from MP while T3 and T4 clones were from RP. The root segments (20 pieces) of each clone with a length of approximately 2 cm and a fresh weight of 0.2 g were cultivated on all tested medium in Petri dishes (9 cm diameter) containing 20 ml medium. The treatments were replicated three times. To characterize hairy root growth -root length, number of lateral branches per 1 cm root, length of branches, and fresh weight of each clone were recorded after 40 days cultivation.
Statistical analysis
Data used for determination of transformation frequency were collected from three separate experiments and presented as mean values. Twenty roots from each clone were raised for each treatment and the experiments were replicated three times. Data were subjected to one-way ANOVA analysis of variance for comparison of means, and significant differences were calculated according to the Fisher LSD test at the 5% level using a statistical software package (Statigraphics Plus, version 5.1 for Windows). Data were reported as means ± standard error.
DNA analysis
DNA was isolated from hairy roots and from control roots frozen in liquid nitrogen by innuPREP Plant DNA Kit (analytikjena biosolutions) Jena/Germany and quantified by NanoDrop 2000C spectrophotometer (Thermoscientific, USA). The polymerase chain reaction was used to confirm the presence of the rol A, rol B and rol C genes in the roots. PCR experiments were performed by using primers located at the nucleotide position 21-42 (5'-CGTTGTCGGAATGGCCCAGACC-3') and 268-246 (5'-CGTAGGTCTGAATATTCCGGTCC-3') designed for the amplification of a 248 base pair (bp) DNA fragment of the rol A gene. Primers at the position 118-138 (5'-ACTATAGCAAACCCCTCCTGC-3') and 769-749 (5'-TTCAGGTTTACTGCAGCAGGC-3') were applied for the amplification of a 652-bp rol B fragment.
Primers at the position 51-70 (5'-TGTGACAAGCAGCGATGAGC-3') and 550-531 (5'-GATTGCAAACTTGCACTCGC-3') were used to amplify a 490-bp rol C fragment. Each PCR reaction was carried out in 25 µl, containing 80 ng of genomic DNA, 2 μM of each rol gene specific primer, 200 μM of each nucleotide, 1% reaction buffer (10 mM Tris/HCl, pH 8.3; 50 mM KCl, 1.5 mM MgCl 2 ) and 0.5 U Taq DNA polymerase per reaction-Ready-To GO PCR Analysis Beads kit (GE Healthcare, USA). The conditions of amplification were as follows: denaturation: at 94°C for 4 min, then 35 cycles of 1 min denaturation at 94°C, 1 min annealing at 50°C for the amplification of the rol A fragment and at 55°C for the amplification of the rol B and rol C fragments and 1 min extension at 72°C with a final extension of 72°C for 5 min. The mixture was amplified in Quanta Biotech PCR system QB-24 thermal cycler. Amplified DNAs were detected on 1.5% (w/v) agarose gels in 0.6% TBE buffer [0.09 М ТrisBoric acid and 2 mM EDTA (pH 8.0)] at 90 V, staining in 0.5% ethidium bromide and visualized by Imagemaster VDS (Pharmacia Biotech).
Results
Establishment of hairy root cultures
Hairy roots were formed on the cut surface of the leaf explants after 18-25 days of co-cultivation with A. rhizogenes ATCC 15834. The minimum period required for initiation of hairy roots was respectively 20 days for the first infection method (SBC) and 18 days for the second infection method (IBS). Hairy roots were developed mainly on the base of the leaf near the petiole and rarely at the leaf tip. The roots that were formed after inducing an infection with agrobacteria had a typical hairy roots phenotype, rapid growth, lateral branches and plagiotropism. The control leaf explant failed to elicit any hairy roots response. The percentage of transformed roots varied between 4.8 and 12% (Table 1 ). The appearance of hairy roots was affected by the method of infection of initial explants. Smearing leaves from MP with active growing bacterial culture lead to 4.8% hairy roots formation compared to 10.9% with the use of bacterial suspension. The same tendency was observed in the application of both methods of inoculation for leaves of RP (5.8 and 12% respectively). Significant differences in the transformation frequency according to the source of the leaf explants (MP and RP) were not observed in this study. The hairy roots were induced in the application of bacterial concentrations ranging from 0.7 to 0.9 (OD 600 ) as the frequency of transformed roots at OD 600 =0.9 (11.4%) was not significantly different than that at OD 600 =0.8 (10.9%). After incubation in bacterial suspension with lower density (OD 600 =0.3-0.6), leaf explants remained green with no indication of bacterial infection during a co-cultivation period of 3 days. Higher concentrations of bacterial suspension (OD 600 =1-1.5) caused overgrowth of bacteria which often lead to reinfection in subsequent passages of fresh medium even in the presence of high concentrations of cefotaxime. The bacterial re-infection affected negatively the regenerative capacity of the plant tissue, leading to low efficiency of transformation.
Another prerequisite for successful gene transfer was continuous bacteria inoculation of plant material for 20 or 40 min. Bacterial growth in a short duration of infection (5 or 15 min) was not observed. The optimum co-cultivation period of explants with bacteria depended on the infection method used and was found to be 3 days for IBS and 10 days for SBC. At shorter durations of this period -2 days (IBS) and less than 10 days (SBC) -hairy roots development was not observed. The optimum concentration of cefotaxime (200 mg/l) was established by eliminating the bacteria in five subcultures, and explants retained with high viability. High concentrations of antibiotic (300 or 400 mg/l) eliminated bacterial contamination and caused darkening and necrosis of plant tissues.
Morphologically different types of hairy roots on hormone-free MS medium were identified: 1) typical phenotype with many lateral branches ( Figure 1a) and 2) callus like roots (Figure 1b) . The callus like hairy roots were characterized by slow growth and eventually turned brown and died in the next sub-cultivations. Therefore, in subsequent experiments the hairy roots clones with typical phenotype were studied.
Influence of different nutrient media on growth and development of hairy roots
The effect of three different nutrient media (MS, B5 and SH) on growth of hairy roots was studied. The non-transformed roots grown on the three tested media did not branch and had slow growth (Table 2, Figure 2 ). In contrast, hairy roots cultivated on the same media characterized by rapid growth, abundant lateral branching and accumulation of significantly more biomass than normal roots. Maximum growth of hairy roots was recorded on MS medium in comparison with B5 and SH medium. All hairy root clones cultivated on MS medium showed multiple lateral branches and the best fresh weight. The hairy root clone T4 had maximum values of growth parameters on MS medium (average root length of 4.72 cm, average number of lateral branches 9.15 per 1 cm root and fresh weight of 3.50 g) compared to the other three clones. The clone T4 accumulated higher biomass which was 7.6 fold than the one of the non-transformed roots. The same tendency was observed when T4 was cultivated on the other two nutrient media. The second best medium which exhibited positive influence on growth parameters was B5 (average root length 3.87 cm, average number of lateral branches 6.10 per 1 cm root and average fresh weight 3.0 g). SH medium produced significantly fewer branches (4.25 per cm) and fresh weight (2.21 g). 
Leaf explants Method of infection
MP -Micropropagated Plants; RP -Regenerated Plants from callus; SBC -Smearing of the explants with a Bacterial Culture; IBS -Immersion in Bacterial Suspension.
The transformed roots were morphologically different in all tested media. MS medium produced green long roots with many branches, whereas those on B5 and SH media were colorless or had anthocyanin color with few branches. The hairy roots were maintained in MS medium and sub cultured every two months for further growth and proliferation.
A B Table 2 . Effect of the nutrient media on the growth parameters of A. montana hairy roots. 
Note: Nontransformed roots (NT), Trasformed roots (T).
DNA analysis of hairy roots
PCR amplification of DNA of putative hairy root with bacterial genes is one of the methods used to confirm Agrobacterium mediated transformation. Primers designed to amplify specific fragments of the rol A, rol B and rol C genes were used to confirm integration of T-DNA into the genome of hairy roots. Bacterial DNA was used as positive control for rol A, rol B and rol C presence. Amplification of a band of 248 bp in root clones (T2, T3 and T4) confirmed the integration of rol A gene (Figure 3) . Rol B primers amplified the expected fragment of 652 bp in T1, T3 and T4. The amplified product of 490 bp in T2, T3, T4 proved the presence of the rol C gene. An amplification signal was not detected in negative control (non-transformed roots). These results indicated that the T-DNA from the Ri plasmid of A. rhizogenes was integrated into the genome of A. montana.
Discussion
Agrobacterium rhizogenes has been used for the production of hairy roots cultures from many dicotyledonous plants. Over the last decade, transformed roots have been developed in great number of medicinal plants [17] [18] [19] [20] [21] . Hairy roots induction is a result of integration and subsequent expression of Transferred DNA (T-DNA) from the bacterial Ri (Root inducing) plasmid of A. rhizogenes in the plant genome [22] .The success of genetic transformation depends on the initial explant type, bacterial strain, the efficiency of Agrobacterium-mediated transformation protocol and the culture conditions. Optimizing these parameters is crucial for the efficiency of gene transfer. The hypocotyl and cotyledon segments, petioles and young leaves are the most frequently used explants for Agrobacterium mediated transformation [23, 24] . For different transformation trials the shoots induced by organogenesis [25, 26] and embryogenic calli [27, 28] were also successfully applied. In the present study, leaves from clonally micropropagated plants and from in vitro regenerated plants obtained through callus culture were used as the source of segments. The successful gene transfer between Agrobacterium and A. montana cells was induced by immersion of the plant tissue in the bacterial suspension and by smearing of the explants with an actively growing bacterial culture. The used bacterial strains and the density of bacterial suspension affected the efficiency of genetic transformation [29] . Suboptimal bacterial concentration may result in low availability of bacteria for transforming the plant cells while high concentrations may lead to a decrease in the transformation frequency by competitive inhibition [30] .
A. montana hairy roots were induced in the application of optical density of bacterial suspension OD 600 =0.7-0.9. A similar density of bacteria was used for inoculation of other medicinal plants like Gentiana macrophylla -OD 600 =0.8-1 [31] , Silybum marianum -OD 600 =0.7 [32] , Artemisia dubia and Artemisia indica -OD 600 =1 [33] . The infection time influenced the frequency of hairy roots formation. Tao and Le [34] reported increased transformation frequency as the infection time increased from 5 to 20 min. The initiation of A. montana hairy roots was observed in infection time of plant material in bacterial suspension for 20 or 40 min. Co-cultivation is a very important step in the transformation process. Bacteria attachment, T-DNA transfer and integration are realized during this stage [35] . The process can be accelerated by prolonging co-cultivation time. A cocultivation of 1-2 days was insufficient to complete the transformation process, but a period longer than 10 days resulted in necrosis of explants, which prevented root induction. The lower transformation frequency (9%) of A. montana leaves that was reported by WeremczukJezyna et al. [11] might be due to the applied infection method by wounding the lamina or petiole with sterile needles immersed in bacterial culture. Moreover, they used a different strain A. rhizogenes LBA 9402. The higher transformation frequency was achieved in other members of the Asteraceae family, using different explants (hypocotyls, cotyledons, leaves): Artemisia annua (10-100%) [36] , Echinacea purpurea (40%) [37] , Cichorium inthybus (30%) [38] , Taraxacum platycarpum (16.2 to 76.5%) [39] . The induced hairy roots showed different morphology and growth patterns on MS nutrient media. Highly branched, fast growing type and callusing, slow growing type transformed roots were obtained ( Figure 1 ). Similar types of hairy roots are described in cultures of Catharanthus roseus [40] , Gentaiana macrophylla [31] , Withania coagulans [41] and Linum mucronatum [42] . The existence of phenotype variations among hairy roots as the result of the differences in the integration of genes from T L -DNA and T R -DNA was discussed [40, 43, 44] . The absence of T L -DNA in hairy root clones caused callus formation and reduced growth [31] . The aux genes borne by the T R -DNA and its expression could result in additional auxin production and callus formation in hairy roots lines [45] [46] [47] . The poor growth of callus type hairy roots and cessation of growth in initial subcultures was observed also in a previous study [48] . Exogenous plant growth regulators are needed for growth of adventitious root cultures, while hairy roots grow very fast on phytohormone-free medium [49] . The effect of nutrient medium composition on growth of hairy roots and production of biologically active substances were discussed in several reports [50] [51] [52] [53] . Different types of nutrient media were tried to study their effect on in vitro growth of A. montana hairy roots ( Table 2 ). The growth of hairy roots was higher than that obtained in non-transformed roots and has also been observed in previous studies on other medicinal plants [31, 42, 50] . The best hairy roots growth of A. montana was achieved on MS medium. Sivanesan and Jeong, [50] also reported the best yield of hairy roots of Plumbago zeylanica on MS medium in comparison with two other nutrient media, B5 and SH. In contrast, some authors observed the best growth and hairy roots production on SH medium [51] [52] [53] . The hairy root clones were selected on the basis of root growth intensity. Every transformed root is an individual event and many transgenic events can be obtained in a single transformation experiment [54] . The different levels of rol genes expression could alter the endogenous auxin/cytokinin ratio [55] . This could affect the hairy root growth, increasing branching and stopping linear growth [56] . The rol B gene plays a major role in hairy roots induction while rol A, rol C and other ORFs act synergistically on the root formation [57, 58] . However, the combination of rol A, rol B and rol C genes improved growth and branching of roots [59] .
The differences in branching in T1, T2, T3 and T4 clone arise from the integration and expression in the plant genome of the different rol genes. The best growth and high lateral branching of transformed clone T4 is probably due to the presence of all the rol genes integrated in its genome. The rapid growth of cultured hairy roots make them suitable material for producing biologically active substances in a bioreactor [49, 60] .
In conclusion, the genetic transformation system of A. montana mediated by A. rhizogenes ATCC 15834 was established. The maximum transformation frequency (12%) was achieved when leaf explants were immersed in bacterial suspension for 40 min. Among the tested nutrient media (MS, B5 and SH), MS medium was optimum for hairy roots growth, increased number of branches and fresh weight. The transformed clone T4 showed better response towards roots elongation, lateral branching and biomass production compared with other clones. Hairy roots could be an alternative for the production of biologically active substances. However, further research is required to explore the efficacy of A. montana hairy roots as a source of valuable secondary metabolites. 
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